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abstract: Bergmann’s rule predicts a decrease in body size with
increasing temperature and has much empirical support. Surpris-
ingly, we know very little about whether “Bergmann size clines” are
due to a genetic response or are a consequence of phenotypic plas-
ticity. Here, we use data on body size (mass and tarsus length) from
three long-term (1979–2008) study populations of great tits (Parus
major) that experienced a temperature increase to examine mecha-
nisms behind Bergmann’s rule. We show that adult body mass de-
creased over the study period in all populations andthattarsuslength
increased in one population. Both body mass and tarsus length were
heritable and under weak positive directional selection, predicting
an increase, rather than a decrease, in body mass. There was no
support for microevolutionary change, and thus the observed de-
clines in body mass were likely a result of phenotypic plasticity.
Interestingly, this plasticity was not in direct response to temperature
changes but seemed to be due to changes in prey dynamics. Our
results caution against interpreting recent phenotypic body size de-
clines as adaptive evolutionary responses to temperaturechanges and
highlight the importance of considering alternative environmental
factors when testing size clines.
Keywords: animal model, climate change, heritability, Parus major,
microevolution, selection.
Introduction
The effects of increase in the global temperature are wide-
spread and diverse, inﬂuencing numerous traits in many
different taxa (reviewed in Parmesan 2006). One such trait
is morphology, and many studies have found that as global
temperatures have increased, body size in many bird (e.g.,
Johnston and Selander 1964; Yom-Tov etal. 2006;Teplitsky
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et al. 2008) and mammal (e.g., Millien 2004) species has
declined. These declines have been suggested to be an
adaptation to increasing temperatures and have caused a
renewed interest in Bergmann’s rule, which states that
within a genus of endothermic vertebrates, species occu-
pying warmer geographic regions are smaller than species
occupying colder regions (Bergmann 1847; Mayr 1956).
Although originally formulated to explain large-scale pat-
terns, Bergmann’s rule has since been modiﬁed to also
concern changes within populations (Mayr1956).Therule
has received much empirical support (Johnston and Se-
lander 1964; Millien and Damuth 2004; Yom-Tov and
Yom-Tov 2006; Teplitsky et al. 2008), although there are
also several examples where no temperature-size clines
have been found (e.g., Adams and Church 2008).
Bergmann’s rule has been demonstrated over a wide
range of temporal scales. For example, Smith et al. (1995)
used fossilized fecal pellets of the bushy-tailed wood rat
(Neotoma cinerea) to show that body size had changed
with temperature ﬂuctuations during the past25,000years,
whereas Teplitsky et al. (2008) showed a declining body
size over the past 47 years in red-billed gulls (Larus no-
vaehollandie scopulinus).
Despite the many convincing examples of phenotypic
trends supporting Bergmann’s rule, there is surprisingly
little known about the underlying mechanisms giving rise
to such temperature-size clines, although they are often
interpreted as an evolutionary adaptation to conserve heat
loss in cold climates (or dissipate heat in warm climates).
Whether these body size clines are caused by an evolu-
tionary adaptation, which assumes that genetic change has
taken place, or are due to a phenotypic response (i.e.,
plasticity) to temperatures is not generally known (Par-
tridge and Coyne 1997). Studies that have addressed thePhenotypic Change and Bergmann’s Rule 203
Figure 1: There has been a signiﬁcant increase in mean annual temperature over the study period ( , , , b p 0.06 SE p 0.013 t p 4.74 28
). P ! .001
question of whether size clines are due to environmental
or genetic reasons have found support for both cases (Lau-
gen et al. 2005; Teplitsky et al. 2008).
The importance of explicitly considering genetic change
is highlighted by some recent empirical studies that have
shown that a phenotypic change need not be mirrored at
the genetic level (see review by Gienapp et al. 2008) or
may even be in the direction opposite the observed genetic
change (e.g., Merila ¨ et al. 2001). Clearly, support for evo-
lutionary change must come from demonstrating that a
genetic change has taken place. Unfortunately, this is no
easy task, and it has, in the past, often required an ex-
perimental approach (e.g., Laugen et al. 2005). More re-
cently, the increased application of the animal model
(Henderson 1950; Kruuk 2004) in natural populations has
opened the possibility that researchers can address this
question using longitudinal data within a quantitative ge-
netic setting by examining temporal changes in mean
breeding values over time, which can be taken to represent
a genetic change (Kruuk 2004; Hadﬁeld et al. 2010),
thereby allowing a test of whether phenotypic changes are
of genetic origin or due to plasticity.
Bergmann developed his observation only in the context
of thermoregulation, and hence Bergmann’s rule deals ex-
plicitly with body size–temperature clines (Bergmann
1847; Watt et al. 2010). It is important to point out, how-
ever, that there are many different selection pressures in-
ﬂuencing body size in addition to that of adaptation to
external temperatures (Mayr 1956). Factors such as food
availability (McAdam and Boutin 2003) and population
density (Damuth 1981) are known to lead to changes in
body size–related traits (such as body mass or tarsus
length) in many species, and changes in environmental
factors that covary with but are not causally related to
temperature may therefore erroneously give support for
Bergmann’s rule.
Our goals in this study were to provide insight into the
mechanisms behind Bergmann’s rule and to explore the
temporal phenotypic and genetic patterns in adult body
mass and tarsus length in three long-term (1979–2008)
study populations of great tit (Parus major) in the Neth-
erlands. According to Bergmann’s rule, we predicted that
great tits would have become smaller over time because
of the recent increase in both yearly mean temperature
(ﬁg. 1) and spring temperature (Husby et al. 2010). Thus,
we examined ﬁrst whether adult body mass and tarsus
length had changed signiﬁcantly over the study period and
second whether there had been changes in selection pres-
sure over time. However, as there must also be a heritable
basis of traits for there to be a response to selection, we
next examined the quantitative genetic basis of adult body
mass and tarsus length in our populations. We then ex-
plicitly tested whether the observed phenotypic changes
over time were due to microevolutionary change. Finally,204 The American Naturalist
Table 1: Mean values, standard deviations, and sample sizes for the different traits in each population of great tits
Adult body mass Tarsus length
HV OH VL HV OH VL
Trait mean (SD) 17.64 (.83) 17.73 (.86) 17.47 (.87) 19.77 (.63) 19.68 (.71) 19.46 (.69)
Individuals 3,308 975 3,026 3,283 966 3,191
Records 5,659 1,741 5,309 5,512 1,598 5,520
Note: HVp Hoge Veluwe, OH p Oosterhout, and VL p Vlieland. Adult body mass measurements were restricted to the criteria outlined
in “Material and Methods,” and means include repeated records.
we used information from a range of different environ-
mental measures to try to disentangle what environmental
factors were most important in driving the observed phe-
notypic changes.
Material and Methods
Study Species, Study Area, Field Procedures, and Data
Great tits are small (14–22 g), insectivorous passerines
distributed throughout most of Europe and some parts of
Asia (Gosler 1993). The data used in this study were col-
lected from three different populations in The Nether-
lands—Hoge Veluwe (HV), Oosterhout (OH), and Vlie-
land (VL)—as part of an ongoing long-term study started
in 1955 (van Balen 1973). Systematic collection of adult
body mass data, however, started only in the late 1970s,
and thus we restricted our analyses to individuals thatwere
caught between 1979 and 2008. For more details about
the study populations, see van Balen (1973).
In all areas, nest boxes were visited at least once every
week during the breeding season (April–June), and when
the young were 7–10 days old (10–15 on VL), all chicks
were ringed, the parents were caught on the nest with a
spring trap, and measurements were taken. All adult body
mass measurements were taken to the nearest 0.1 g with
a Pesola spring balance, and tarsus length was measured
to the nearest 0.1 mm with a sliding calliper. Parents al-
ready ringed were identiﬁed, and unringed (immigrant)
birds were given a metal ring with a unique number for
subsequent identiﬁcation. For more information about the
traits and populations used in this study, see table 1.
Because variation in adult body mass is inﬂuenced by
a large number of different factors (e.g., time of day when
bird was caught, breeding status, age) that could poten-
tially bias our results, we included only measurements of
adult breeding birds (i.e., adults caught during chick feed-
ing; see above) that were caught between 0650 and 2100
hours during the breeding season and had not been subject
to manipulation. In addition, we corrected body mass for
a number of ﬁxed effects to ensure that temporal changes
in body mass were not due to, for example, changes in
measurement technique over the study period (see table
2).
Population-Level Trends
Bergmann’s rule relates to the overall “size” of an animal,
and as in many other studies (Yom-Tov et al. 2006; Tep-
litsky et al. 2008), we used body mass and tarsus length
as proxies for overall body size. Both adult body mass and
tarsus length were normally distributed (visual inspection
of data, including repeated records). We used linear mixed
models to test for temporal change in adult body mass
and tarsus length. Individual identity and year were in-
cluded as random effects in all analyses.
Our goal was to study the within-population temporal
changes in adult body mass and tarsus length, and we
therefore performed a separate analysis for each popula-
tion. However, we also included all three populations in
one global model and tested for between-population dif-
ferences in temporal trends.
ASReml-R, version 2.0 (Gilmour et al. 2006), was used
to ﬁt all linear mixed models. Statistical signiﬁcance of
ﬁxed effects was assessed from their conditional Wald F-
test statistics to respect principles of marginality. Because
there seemed to be substantial nonlinear changes in body
mass and tarsus length over time (see ﬁgs. 2, 3) and such
nonlinearity has been documented in other cases (Salewski
et al. 2010), we also tested for nonlinearity in the temporal
trends, using generalized additive models implemented in
the mgcv library (Wood 2006) in R 2.8.1 (R Development
Core Team 2007), using year as the smoothing parameter
(see Salewski et al. 2010).
Selection Analysis
We estimated fecundity selection on each trait in each
population separately, using the yearlynumberofoffspring
that an individual recruited to the breeding population
(“recruited” means that an offspring was recorded as a
breeding bird in the population in years after its year of
birth) as an estimate of ﬁtness, as it is only offspring that
recruit to the breeding population that contribute to anyPhenotypic Change and Bergmann’s Rule 205
Table 2: ANOVA table from the linear-mixed-model analysis of adult body mass (A) and tarsus length (B) for
the three study populations
HV OH VL
df F df F df F
A. Body mass:
Year 1, 133.8 10.58** 1, 1,706.7 3.90* 1, 396.2 9.49**
Sex 1, 3,253.7 199.90*** 1, 943.5 92.68*** 1, 2,988.2 422.4***
Catching date (April date) 1, 3,068.2 81.16*** 1, 1,109.6 11.56*** 1, 3,146.0 200.7***
Age of chicks 1, 3,566.3 36.69*** 1, 1,279.8 5.059* 1, 3,546.9 25.92***
Age of individual 1, 3,401.5 68.07*** 1, 1,235.0 25.84*** 1, 3,486.8 72.92***
Time of day when captured 1, 3,925.2 247.70*** 1, 1,320.6 80.84*** 1, 3,702.5 308.3***
Observer identity 36, 3,285.4 3.387*** 24, 1,423.7 4.02*** 40, 2,600.0 3.41***
Year # sex 1, 3,325.1 2.00 1, 935.6 4.51 1, 2,988.6 2.65
B. Tarsus length:
Year 1, 92.4 3.36† 1, 194.2 .05 1, 123.2 7.52**
Sex 1, 3,267.5 757.90*** 1, 814.2 307.50*** 1, 3,168.3 866.20***
Observer identity 35, 2,285.3 5.64*** 25, 537.6 8.62*** 39, 408.1 22.71***
Age of individual 1, 330.1 .09 1, 780.7 6.52* 1, 3,423.1 1.89
Year # sex 1, 3,693.1 .47 1, 815.2 .67 1, 3,557.1 .01
Note: HVp Hoge Veluwe, OH p Oosterhout, and VL p Vlieland. Year and individual identity were ﬁtted as random effects.
† . P ! .1
* . P ! .05
** . P ! .01
*** . P ! .001
selection response. Similarly, viability selection was esti-
mated with local survival deﬁned as 1 if the individual
survived to the next breeding season and 0 if it did not
survive. For each population, we conducted year-speciﬁc
analysis (excluding 2008 because data for the 2009 season
were not available at the time of analysis) by standardizing
each trait (adult body mass and tarsus length) to have zero
mean and unit variance (thus creating z scores) within
each year and population. In the fecundity selection anal-
yses, yearly ﬁtness values (numberofrecruits)weredivided
by the mean number of recruits produced in the given
year and population to give relative ﬁtness scores (q) for
each individual. For the viability selection analyses, we
used the survival information directly.
Standardized selection gradients (b) for adult body mass
and tarsus length were measured with a least squares re-
gression technique as the regression slope between relative
ﬁtness and standardized trait values (Lande and Arnold
1983). Because relative ﬁtness (q) and survival do not
follow a Gaussian distribution, inferences from a least
squares regression will be unreliable, and we therefore as-
sessed statistical signiﬁcance of the standardized selection
gradients with a generalized linear mixed model (GLMM;
log link function for fecundity selection analyses and bi-
nomial link function for viability selection analyses), in-
cluding individual identities as random effects to account
for repeated measurements on individuals. Yearly stan-
dardized selection gradients and their standard errors and
signiﬁcance levels (as estimated from the GLMM analysis)
are available at Dryad (http://dx.doi.org/10.5061/dryad
.8989: tables A1 and A2 for fecundity selection analysis of
adult body mass and tarsus length, respectively, and tables
A3 and A4 for viability selection analysis of adult body
mass and tarsus length, respectively).
We also tested for temporal change in selection pressure
by regressing annual standardized selection gradients
against year with a least squares regression. The least
squares regression analyses were performed in R 2.8.1 and
the GLMM analysis in ASReml-R (Gilmour et al. 2006).
All tests were two-tailed, with a signiﬁcance threshold of
. P p .05
Pedigree
We reconstructed a pedigree based on social information
(i.e., from ﬁeld observations), and so the pedigree can
contain errors through the paternal line (due to extrapair
paternity [EPP]). Although the rate of EPP is unknown
in the HV and OH populations, it has been estimated to
be as low as 3.5% extrapair young in the VL population
(excluding one nest in which all offspring were sired by
an extrapair male; Verboven and Mateman 1997). Fur-
thermore, there is no reason to expect the EPP levels to
be higher in the HV and OH populations, because it is
also generally low in other populations of great tits (e.g.,
Lubjuhn et al. 1999). At such low levels, EPP has only a206 The American Naturalist
Figure 2: Temporal patterns in yearly average adult body mass (cor-
rected for time of measurement) in the three study populations
(HV p Hoge Veluwe, OH p Oosterhout, and VL p Vlieland). All
trends were statistically signiﬁcant; see table 2, part A, for details.
Figure 3: Change in yearly average tarsus length in the three study
populations (HV p Hoge Veluwe, OH p Oosterhout, and VL p
Vlieland) over time. Only the trend for VL is statistically signiﬁcant
and so is shown as a line here; see table 2, part B, for details. Note
that in some years data were not available; see Dryad (http://
dx.doi.org/10.5061/dryad.8989)fordetailedinformationaboutyearly
sample size.
negligible effect on the estimated additive genetic variance
component, and thus on heritability estimates, when sam-
ples are as large as those in this study (Charmantier and
Reale 2005). Some chicks were cross-fostered, in which
case we used the genetic parents rather than the social
parents in the pedigree. To preserve sibship information
and maximize pedigree information, we dummy-coded
parents whenever information about either the male or
the female was missing. Note that because of the very low
EPP rate, this is very unlikely to create any bias.
The pedigree for the HV population had a total of 3,460
individuals, with a mean relatedness of , 1,139
4 4.45 # 10
maternities, 1,125 paternities, 609 full siblings, 247 ma-
ternal half-sibs, and 232 paternal half-sibs, and it spanned
a maximum of 16 generations. The OH population ped-
igree had a total of 1,062 individuals, with a mean relat-
edness of , 589 maternities, 559 paternities, 385
3 4.5 # 10
full siblings, 307 maternal half-sibs, and 156 paternal half-
sibs, and it spanned a maximum of 18 generations. Finally,
the pedigree of the VL population had a total of 3,686
individuals, with a mean relatedness of , 2,661
3 7.54 # 10
maternities, 2,615 paternities, 2,077 full siblings, 1,208 ma-
ternal half-sibs, and 1,073 paternal half-sibs, and it
spanned a maximum of 40 generations. Pedigree statistics
were obtained with the R package pedantics (Morrissey
and Wilson 2010).
Quantitative Genetic Analyses
To separate environmental and genetic sources of variation
in body mass and tarsus length, we used a residual max-
imum likelihood mixed model (“animal model”). Animal
models use information about pairwise relatedness be-
tween all individuals in the population to partition the
phenotypic trait variance into its additive genetic variance
component and its environmental (and other nongenetic)
variance components (Henderson 1950; Lynch and Walsh
1998; Kruuk 2004).
Because we have repeated measures on the same indi-
viduals in different environments, we also estimated the
permanent environment effect, that is, the within-individ-
ual variance associated with environmentaleffects(ornon-
additive effects such as dominance or epistasis; Kruuk
2004). Year was included as a random effect to account
for temporal heterogeneity in environmental effects on the
phenotypes. Note that year was also included as a covariate
in all animal-model analyses to avoid bias in the breedingPhenotypic Change and Bergmann’s Rule 207
values toward the phenotypic trend (Postma 2006). Trait-
speciﬁc ﬁxed effects that were signiﬁcant in the phenotypic
analysis were included in the animal-model analyses (see
table 2).
Thus, after correction for the ﬁxed effects mentioned
above, our animal models partitioned the phenotypic var-
iance (VP) in adult body mass and tarsus length into four
components:
V p V  V  V  V ,( 1 ) PA P EY e a r R
where VA is the additive genetic variance, VPE is the per-
manent environmental variance, VYear is the variance as-
sociated with the year (common environment variance),
and VR is the residual variance. Heritability of the two
traits was then calculated as (Falconer and
2 h p V/V AP
Mackay 1996). We also report the coefﬁcient of additive
genetic variance ( ) as a mea-
1/2 CV p 100(V) /trait mean AA
sure for comparison between populations and with other
studies (Houle 1992).
To examine whether there had been a genetic change
in population composition over time, we assessed the sig-
niﬁcance of the temporal change in breeding values from
the posterior distribution ofchangeinbreedingvaluesover
time, using a Bayesian Markov chain Monte Carlo
(MCMC) animal-model approach (Hadﬁeld et al. 2010).
We included the same ﬁxed effects and random effects as
described under the animal-model analysis, and we used
weakly informative priors set to one-fourth of the phe-
notypic variance. The models were run for a minimum of
40,000 iterations, with a burn-in phase of 10,000iterations.
Mixing of the chains was assessed manually by visual in-
spection, and the number of iterations was increased to
achieve proper mixing.
All animal models were run in the software ASReml,
version 2.0 (Gilmour et al. 2006). The Bayesian MCMC
animal models were run in R with the MCMCglmm pack-
age (Hadﬁeld 2010).
Environmental Variables
Because many environmental factors may contribute to
the selection pressure on body size (Mayr 1956), we col-
lected information about a range of different environ-
mental variables known to be important biological factors
in our populations: beech crop index (Perdeck et al. 2000),
date of the caterpillar peak (Visser et al. 2006), synchrony
between the date of the caterpillar peak and the mean
laying date (Visser et al. 2006), temperature during Feb-
ruary–March as a proxy for winter severity (Perdeck et al.
2000), yearly mean temperature, and ﬁnally, population
density (measured as number of breeding pairs). Unfor-
tunately, information on beech crop index, date of cat-
erpillar peak, and synchrony (the difference between the
date of the caterpillar peak and the yearly mean laying
date) was available only for the HV population from 1985
onward (see Visser et al. 2006; Husby et al. 2009), and
thus we had to restrict our analysis to the HV population
and the years 1985–2008. We included adult body mass
(and tarsus length) as response variables in a linear mixed
model, with the above environmental factors included as
explanatory variables and individual identity as a random
effect to account for repeated measures on the same in-
dividuals. All environmental variables were mean centered
before analysis, and statistical signiﬁcance was assessed by
the conditional Wald test statistics in ASReml-R (Gilmour
et al. 2006).
Results
Population-Level Trends
Adult body mass declined signiﬁcantly in all three pop-
ulations ( g/year, b p 0.013  0.004 b p 0.012  hv oh
g/year, and g/year; see table 0.006 b p 0.015  0.005 vl
2, pt. A; ﬁg. 2) over the study period. There were strong
effects of the time of day when a bird was measured, the
day of capture, age of the chicks at the time of capture,
observer identity, and sex (table 2, pt. A). Because of the
very similar negative trend in all three populations, there
was no signiﬁcant population # year interaction when all
populations were tested simultaneously in the same model
(, ) . F p 0.013 P p .98 2,11,345.8
Tarsus length did not change signiﬁcantly over time in
the HV and OH populations ( mm/ b p 0.007  0.004 hv
year and mm/year; table 2, pt. B; b p 0.006  0.006 oh
ﬁg. 3), but it showed a signiﬁcant increase in the VL pop-
ulation ( mm/year; table 2, pt. B; ﬁg. b p 0.0126  0.004 vl
3). The between-populations difference in temporal pat-
terns was clearly indicated by a highly signiﬁcant popu-
lation # year interaction when all populations were tested
in the same model ( , ). F p 42.94 P ! .001 2,7,992.0
As evident from ﬁgures 2 and 3, there was a great deal
of nonlinearity in the temporal phenotypic trends in body
mass and tarsus length. This nonlinearity was conﬁrmed
by additive models; there were signiﬁcant nonlinear effects
of year on body mass (HV: , , n p 5,659 F p 12.99 P !
; OH: , , ; VL: , .001 n p 1,741 F p 9.05 P ! .001 n p 5,309
, ) and tarsus length (HV: , F p 3.02 P p .0014 n p 5,512
, ; OH: , , F p 18.73 P ! .001 n p 1,598 F p 11.54 P !
; VL: , , ) in all popu- .001 n p 5,520 F p 18.64 P ! .001
lations.
Fecundity Selection Analyses: Adult Body Mass
Across the study period, there was overall positive direc-
tional selection on adult body mass in the HV (b p208 The American Naturalist
Table 3: Components of phenotypic variance in adult body mass and tarsus length and their
standard errors, as estimated from an animal model
Adult body mass (SE) Tarsus length (SE)
HV OH VL HV OH VL
VA .312 (.025) .303 (.043) .270 (.023) .168 (.014) .121 (.024) .174 (.020)
VPE .130 (.021) .104 (.032) .144 (.017) .086 (.012) .108 (.020) .017 (.015)
VYear .014 (.004) .011 (.007) .004 (.002) .005 (.002) .044 (.017) .080 (.024)
VR .186 (.005) .259 (.012) .209 (.006) .062 (.002) .109 (.006) .540 (.013)
VP .642 (.015) .678 (.028) .627 (.016) .320 (.008) .381 (.023) .811 (.029)
CVA 3.167 3.105 2.974 2.073 1.768 2.144
h
2 .486 (.034) .447 (.053) .431 (.031) .525 (.039) .317 (.058) .214 (.023)
Note: HV p Hoge Veluwe, OH p Oosterhout, and VL p Vlieland. VP p phenotypic variance, VA p additive
genetic variance, VPE p permanent environment variance, VYear p year variance, VR p residual variance, CVA p
coefﬁcient of additive genetic variance, and h
2 p heritability.
, , , ) and OH (
2 0.115 SE p 0.025 x p 23.65 P ! .001 b p 1
, , , ) populations but
2 0.042 SE p 0.037 x p 6.47 P p .011 1
not in the VL population ( , ). How-
2 x p 0.05 P p .832 1
ever, year-speciﬁc analyses indicated that selectiononadult
body mass was not very consistent across years, with only
seven signiﬁcant selection gradients (all positive; table A1)
and large interannual variation in the strength and sign
in the three populations (see table A1). Also, the strength
of the selection gradients changed signiﬁcantly over the
study period in the OH population ( , b p 0.012 SE p
, ) but not in the HV ( , 0.005 P p .02 b p 0.007 SE p
, ) and VL ( , , 0.004 P p .069 b p 0.004 SE p 0.002 P p
) populations. .089
Fecundity Selection Analyses: Adult Tarsus Length
Across all years, we found signiﬁcant directional selection
in the HV population ( , ,
2 b p 0.055 SE p 0.026 x p 1
, ) but not in the OH ( ,
2 4.11 P p .043 x p 3.67 P p 1
) and VL ( , ) populations. Again,
2 .056 x p 0.093 P p .76 1
the year-speciﬁc analyses showed large interannual vari-
ation in the direction and strength of selection (table A2).
We did not ﬁnd any indication that selection on tarsus
length had changed over the study period in any of the
three populations ( , .44, and .42 for the HV, OH, P p .98
and VL populations, respectively).
Viability Selection Analyses: Adult Body Mass
Across all years, we found signiﬁcant positive directional
selection on body mass in the OH ( , b p 0.025 SE p
, , ) and VL ( ,
2 0.011 x p 4.05 P p .044 b p 0.021 SE p 1
, , ) populations but not in the
2 0.007 x p 6.73 P p .009 1
HV population ( , ). Year-speciﬁc anal-
2 x p 0.04 P p .84 1
yses indicated little consistency in the direction of selection
both within the same population between years and across
populations in the same year (see table A3). There was no
temporal change in selection pressures over time in any
of the three populations ( , .64, and .49 for HV, P p .54
OH, and VL, respectively).
Viability Selection Analyses: Adult Tarsus Length
Tarsus length was under positive directional selection in
the HV ( , , , )
2 b p 0.027 SE p 0.007 x p 14.86 P ! .001 1
and VL ( , , , )
2 b p 0.015 SE p 0.007 x p 5.01 P p .025 1
populations but not in the OH population ( ,
2 x p 0.003 1
), when analyzed across all years. Yet both the P p .96
strength and the direction of selection ﬂuctuated between
years within the same population and across populations
within the same year (table A4). Again, there was no sup-
port for a temporal change in selection patterns in any of
the populations ( , .84, and .21 for HV, OH, and P p .16
VL, respectively).
Quantitative Genetic Analyses: Estimation of Heritability
Heritability of both adult body mass and tarsus length was
signiﬁcantly greater than 0 in all three populations (table
3; for adult body mass: HV: , OH: t p 14.29 t p 6,016 1,940
, and VL: , with all ; for tarsus 8.43 t p 13.90 P ! .0001 5,350
length: HV: , OH: , and VL: t p 13.46 t p 5.47 5,511 1,597
, with all ), and heritability of body t p 9.30 P ! .0001 5,519
mass did not differ signiﬁcantly between populations (HV/
OH: , ; HV/VL: , t p 0.62 P p .54 t p 1.19 P p 7,956 11,366
; OH/VL: , ). Heritability of tarsus .23 t p 0.26 P p .79 7,290
length differed signiﬁcantly between HV and OH
( , ) and between HV and VL t p 2.98 P p .003 7,108
( , ) but not between OH and VL t p 6.87 P ! .001 11,030
( , ). The signiﬁcant difference in her- t p 1.65 P p .10 7,116
itability of tarsus length between populations was mainly
due to differences in residual variance, as bothVAestimates
and CVA estimates indicated little between-population var-
iation (table 3).Phenotypic Change and Bergmann’s Rule 209
Table 4: Bayesian Markov chain Monte Carlo animal-model analyses assessing signiﬁcance of temporal trends in
estimated breeding values for adult body mass and tarsus length
Adult body mass Tarsus length
HV OH VL HV OH VL
Year:
b .0006 .0042 .0019 .0007 .0021 .0024
95% CI .0024, .0038 .0014, .0113 .0023, .0065 .0014, .0028 .0024, .0065 .0007, .0054
Note: HVp Hoge Veluwe, OH p Oosterhout, and VL p Vlieland. The estimate of the mean (b) of the posterior distribution of
estimated genetic change and its 95% conﬁdence interval (CI) are given. There was no indication of a signiﬁcant genetic change over
time in any of the traits for the three populations.
Quantitative Genetic Analyses: Testing for Microevolution
The observed phenotypic decline in adult body mass in
the three populations and the increase in tarsus length in
VL could be either due to a genetic change or a result of
phenotypic plasticity. We therefore tested explicitly for ge-
netic change by using Bayesian animal models and as-
sessing the posterior distribution of the change in breeding
values over time (Hadﬁeld et al. 2010). There was no in-
dication that the breeding values for adult body mass or
tarsus length changed signiﬁcantly over the study period
in any of the three study populations (see table 4), and
the sign of the genetic change was, furthermore, the op-
posite of that of the phenotypic change. Hence, the ob-
served phenotypic changes were not due to evolutionary
change but rather were a result of a plastic adjustment to
changing environmental conditions.
Exploring Environmental Variables Causing
the Phenotypic Decline
Plastic adjustment of body mass (and tarsus length in VL)
could be in response to increased temperature but could
also be in response to other environmental factors. We
therefore explored how variation in adult body mass and
tarsus length was inﬂuenced by a number of different en-
vironmental factors. We found that, after model reduction,
density had a negative effect on adult body mass (b p
, , , ), whereas 0.071 SE p 0.0014 F p 25.64 P ! .001 1,1,229.4
synchrony, caterpillar peak date, and beech crop index
were all positively related to adult body mass (b p
,, , ; , 0.077 SE p 0.022 F p 25.64 P ! .001 b p 0.121 1,1,229.4
, , ; and , SE p 0.026 F p 12.69 P ! .001 b p 0.073 1,732.5
, , for synchrony, cat- SE p 0.015 F p 24.65 P ! .001 1,1,087.7
erpillar peak date, and beech crop index, respectively).
Temperature during the period February–March and
yearly mean temperatures, however, were not signiﬁcant
( , for February–March and F p 0.88 P p .35 1,1,187.6
, for yearly mean values). Because F p 3.46 P p .063 1,3,836.2
only caterpillar peak date ( , , F p 22.62 b p 0.87 1,22
, ) and synchrony ( , SE p 0.18 P ! .001 F p 9.32 b p 1,22
, , ) changed signiﬁcantly over the 0.59 SE p 0.19 P p .006
examined period (1985–2008), the decline in adult body
mass is most likely due to a change in food conditions
and the associated increase in mistiming (see “Discus-
sion”). We found that none of the environmental variables
examined had an effect on tarsus length (all ). P 1 .14
Discussion
Few studies have examined whether temporal changes in
body size in relation to increased temperatures (Berg-
mann’s rule) are of genetic or environmental origin or
both. Here we have provided a detailed analysis of the
causes of phenotypic changes in adult body mass and tar-
sus length in three long-term study populations of great
tits in relation to the recent increase in temperature (ﬁg.
1). In common with many other recent studies examining
the effect of increased temperatures on body size (Millien
2004; but see Yom-Tov et al. 2006; Teplitsky et al. 2008;
Salewski et al. 2010), we found that adult body mass de-
clined over the study period (ﬁg. 2). Contrary to most
studies examining Bergmann’s rule, we disentangled the
phenotypic trend and showed that this decline was not
due to microevolutionary change but was a result of phe-
notypic adjustment (plasticity). This plasticity could be in
response to the increase in temperatures or to other en-
vironmental factors. Interestingly, we did not ﬁnd that
temperature had a strong inﬂuence on body mass; instead,
increased mistiming between the peak in food abundance
and the chick-rearing period was the more important fac-
tor driving the decline in adult body mass. Although our
data are correlational and thus unable to separate cause
and effect, our ﬁndings suggests thatchangesinfoodabun-
dance are more important than temperature in explaining
the observed size cline in these populations.
Temporal Changes in Body Size Traits
Adult body mass declined signiﬁcantly in all three pop-
ulations over the 30-year period, and our results are thus
in line with those of other studies that have found de-210 The American Naturalist
clining adult body mass during periods of increased tem-
peratures (e.g., Smith et al. 1995; Teplitsky et al. 2008).
Two other studies of great tits have also reported a tem-
poral decline in adult body mass, with decreases of 0.036
g/year over the period 1968–2002 (Yom-Tov et al. 2006)
and 0.023 residual g/year (Cresswell et al. 2009). In com-
parison, the decrease in adult body mass found here was
between 0.013 and 0.015 g/year. Although these ﬁgures are
not easily comparable because different approaches were
used to estimate the trends, they nevertheless illustrate the
range of the rates of decline found. Also other, closely
related species and species similar in size to the great tit,
such as bullﬁnches (Pyhrulla pyhrulla), blue tits (Cyanistes
caeruleus), and dunnocks (Prunella modularis) in Britain,
show a decline of ∼0.014 (residual) g/year between 1968
and 2003 (Yom-Tov et al. 2006). As shown by Salewski et
al. (2010), temporal changes in body size can show com-
plex nonlinear patterns, and our additive models also con-
ﬁrmed this in our study populations for both body mass
and tarsus length. Despite the large interannual variation
in body size, there were still signiﬁcant linear declines in
body mass in all three populations, however; thus, overall,
great tits have become smaller over the study period even
though size ﬂuctuated considerably.
For tarsus length, we observed an increasing size over
time in the VL population, something that can be inter-
preted to support Allen’s rule, which predicts that homeo-
thermic animals in colder environmentswillhaverelatively
smaller appendages than those in warm environments
(Scholander 1955). In contrast to Allen’s rule, however,
other studies have noted a decline in tarsus length with
increasing temperatures (Yom-Tov 2001; Teplitsky et al.
2008).
Selection Analysis
Characterizing patterns of selection on body size can pro-
vide important insights into the likelihoodthat“Bergmann
clines” arise as a result of microevolutionary change, since,
given a heritable basis of a trait, selection must act on the
trait to produce a response. An evolutionary change is
unlikely if there is no selection on the traits.
Although body size–related traits have been found to
be under strong directional selection in many studies on
birds (Kruuk et al. 2001), mammals (Milner et al. 1999),
and other taxa (Kingsolver et al. 2001), there are also
abundant examples where morphological traits are under
no apparent selection (e.g., Schluter and Smith 1986; Jen-
sen et al. 2004). Selection thus must be measured in each
case and not inferred from other studies. Here we found
that there was, across all years, onlyweakpositivefecundity
selection on adult body mass in two populations (HV and
OH; see table A1) and positive viability selection in the
OH and VL populations (table A3). Tarsus length was also
under weak positive directional fecundity selection in the
HV but not the OH and VL populations (table A2) and
was under positive directional viability selection in the HV
and VL but not the OH population.
These selection analyses highlight two things: ﬁrst, se-
lection was weak and inconsistent between years (tables
A1–A4), and second, the direction of selection was op-
posite that of the phenotypic trends. This argues against
the observed decline in body mass being a result of mi-
croevolutionary change.
Interestingly, there was some indication that selection
on body mass had changed over the study period, with
increasingly strong selection on body mass in the OH and
VL populations but relaxed selection in the HV popula-
tion. The temporal increase in strength of selection in the
OH and VL populations contrasts with the observed phe-
notypic decline in body mass, and at present we do not
have a good understanding as to why selection changed
over the study period, although changes in the food dy-
namics seem a likely explanation (see below).
Heritability of Body Size Traits
The genetic basis of body size–related traits are well studied;
heritability of morphological traits is generally moderate to
high (for an avian review, see Merila ¨ and Sheldon 2001),
and our results also fall within this range. Heritability of
adult body mass varied from 0.43 to 0.49 (table 3) in our
three study populations, and similarly, the heritability of
tarsus length varied from 0.22 to 0.53 (table 3).
Heritability estimates are often found to differ between
populations of the same species, because of both genetic
and environmental differences, and combinedwithdifferent
selection pressures in the different populations, heritability
could help explain interpopulation variation in declines in
body size. For example, in our populations, heritability of
tarsus length was signiﬁcantly different between areas (be-
tween HV and OH and between HV and VL; table 3), but
in contrast, there were no signiﬁcant population differences
in heritability of adult body mass (table 3).
Microevolutionary Change
Testing for microevolutionary change in longitudinal stud-
ies has generally been carried out with least squares linear
regressions to regress mean annual estimated breeding val-
ues on year (e.g., Merila ¨ et al. 2001). However, it has
recently been suggested that this approach is anticonser-
vative because many of the assumptions of a linear re-
gression are violated when predicted breeding values are
used. This is because breeding values are not independent
and because there is also a positive correlation across meanPhenotypic Change and Bergmann’s Rule 211
Figure 4: Body mass (corrected for time of measurement) in the
Hoge Veluwe population in relation to the peak date in caterpillar
abundance (top) and the synchrony between laying date and cater-
pillar abundance (bottom). Note that the ﬁtted slopes are from a
linear regression of annual mean values against annual mean cat-
erpillar abundance and synchrony and that they do not reﬂect the
slopes given from the linear-mixed-model analyses in “Results.”
cohort breeding values (see Hadﬁeldetal. 2010 fordetails).
We therefore used the newly proposed alternative Bayesian
animal-model framework implemented by Hadﬁeld et al.
(2010) to test for microevolutionary trends. These analyses
showed no indication of a signiﬁcant genetic change over
time for adult body mass or tarsus length in any of our
three study populations (table 4). This lack of genetic
change is perhaps not unexpected, given the inconsistent
direction of selection acting on adult body mass and tarsus
length over the study period (tables A1–A4). As the Bayes-
ian methodology is a very recent approach, we also tested
for microevolutionary change with the linear model ap-
proach using best linear unbiased predictions. In line with
the ﬁndings of Hadﬁeld et al. (2010), these analyses
showed a pattern contrasting with that found by the Bayes-
ian approach, with signiﬁcant genetic change for adult
body mass in both the HV and VL populations (A. Husby,
unpublished results). Using the “old” approach, we would
thus have erroneously concluded that genetic change had
taken place in these populations. We caution, however,
that the Bayesian approach to estimate genetic change has
not been validated with simulated data, and until this is
done it is unclear to what extent and degree the Bayesian
framework gives correct signiﬁcance level. The lack of sup-
port for microevolutionary change indicates that the ob-
served temporal changes in body mass and tarsus length
(in the VL population) are due to a phenotypic adjustment
to changes in the environment.
Exploring Environmental Variables Inﬂuencing
Body Mass and Tarsus Length
Temperature is the selective agent responsible for the body
size clines underlying Bergmann’s rule (Stillwell et al.
2007), but it is unlikely to be the only explanation for
Bergmann clines, as they have also been demonstrated in
ectotherms, such as insects (Stillwell et al. 2007), where
the heat conservation argument does not hold. For ex-
ample, in the seed-feeding beetle (Stator limbatus), body
size clines were more related to variation in host plant
seed size, moisture, and seasonality than to temperature
variation (Stillwell et al. 2007).
We also considered multiple environmental variables
and did not ﬁnd that temperature measured during the
most severe winter months or annual mean temperature
were signiﬁcantly related to the decline in body mass. Den-
sity, time of the caterpillar peak, and the timing between
laying date and caterpillar peak were instead stronger pre-
dictors of variation in adult body mass during the breeding
season than were the two temperature measures. However,
because density has not changed over the study period,
this cannot explain the decline in adult body mass. This
suggests, therefore, that adults have adjusted their body
mass in relation to changes in food abundance during the
breeding season (ﬁg. 4). Alternatively, if ﬂedgling body
mass has declined over time, as has been found in a dif-
ferent population of great tits (Garant et al. 2004), there
could be carryover effects to the adult stage. In our study
populations, annual mean ﬂedgling mass did not change
in the HV and VL populations during the period 1979–
2008 ( and 1.00 for HV and VL, respectively), but P p .39
it has declined in the OH population ( , b p 0.042
, , ). It is therefore likely
2 SE p 0.015 x p 6.90 P p .009 1
that the observed temporal decline in adult body mass in
the OH population is due to a carryover effect of reduced
ﬂedgling mass caused by the increasing distance between
timing of reproduction and the peak in food abundance
(Visser et al. 1998). Previous work has shown that ﬂedgling
mass declines strongly as mistiming increases (Visser et al.
2006). This suggests that the decline in body mass in the
OH population is not a result of direct adjustment to
temperature, even if temperature is an important indirect
factor causing the increase in mistiming.212 The American Naturalist
For the HV and VL populations, however, the decline in
adult body mass does not seem to be due to a carryover
effect of decreasing mass at the ﬂedgling stage but instead
must be due to a change at the adult stage, presumably
during thebreedingseason.Toexaminethisingreaterdetail,
we used data on body mass collected during roost inspec-
tions in winter (January–February) and tested for a tem-
poral change in mass. If there has not been a decline in
body mass during winter, this may indicate that the birds
strategically alter their body weight during chick feeding in
response to their work rate, which depends on their timing
of reproduction relative to the food peak (Thomas et al.
2001). In contrast, a temporal decline in body mass during
the winter months suggests more long-term effects of the
mistiming the birds face during the breeding season. We
had sufﬁcient data only from the HV and VL populations
to test for decline in winter body mass, and the GLMMs
showed no decline in the HV population ( , b p 0.002
, , ) but a signiﬁcant decline
2 SE p 0.002 x p 0.91 P p .34 1
in the VL population ( , ,
2 b p 0.01 SE p 0.002 x p 1
, ). Thus, in the OH and VL populations, the 29.08 P ! .001
observed decline in body mass is to some degree also caused
by factors outside the breeding season, whereas in the HV
population, the decline seems to be taking place during the
breeding season only, perhaps as a result of an increase in
how hard the birds need to work to ﬁnd food. These results
imply that factors other than temperature are the main
agents responsible for the observed decline in body mass
in our great tit populations and, more generally, are in
agreement with those of other studies that have found tem-
perature to be of minor importance in determining body
size clines (e.g., Stillwell et al. 2007).
We conclude that the observed decline in body size in
our study populations is not in direct response to an in-
crease in temperature but is due to phenotypic plastic
responses to changes in prey dynamics that have led to a
decrease in ﬂedgling weight as well as in adult weight. Our
results highlight the importance of considering alternative
environmental factors covarying with temperature when
exploring size clines in the context of Bergmann’s rule,
and they provide an important example of how a detailed
examination of phenotypic, genetic, and environmental
patterns can disentangle the causes behind Bergmann’s
temperature-size clines.
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